Abstract Lipid trafficking in the brain is essential for the maintenance and repair of neuronal membranes, especially after neurotoxic insults. However, brain lipid metabolism is not completely understood. In plasma, LCAT catalyses the esterification of free cholesterol on circulating lipoproteins, a key step in the maturation of HDL. Brain lipoproteins are apolipoprotein E (apoE)-containing, HDL-like particles secreted initially as lipid-poor discs by glial cells. LCAT is synthesized within the brain, suggesting that it may play a key role in the maturation of these lipoproteins. Here we demonstrate that astrocytes are the primary producers of brain LCAT. This LCAT esterifies free cholesterol on nascent apoE-containing lipopoproteins secreted from glia. ApoE is the major LCAT activator in glia-conditioned media (GCM), and both the cholesterol transporter ABCA1 and apoE are required to generate glial LCAT substrate particles. LCAT deficiency leads to the appearance of abnormal ?8 nm particles in GCM, and exogenous LCAT restores the lipoprotein particle distribution to the wild-type (WT) pattern. In vivo, complete LCAT deficiency results in a dramatic increase in apoE-HDL and reduced apolipoprotein A-I (apoA-I)-HDL in murine cerebrospinal fluid (CSF). These data show that brain LCAT esterifies cholesterol on glial-derived apoE-lipoproteins, and influences CSF apoE and apoA-I levels. In plasma, LCAT is the sole enzyme capable of esterifying cholesterol in the circulation. LCAT is a 416 amino acid protein that circulates in plasma predominately bound to lipoproteins, where it catalyses the transfer of an unsaturated fatty acid from phosphatidylcholine, or lecithin, to the free b-hydroxyl residue of cholesterol to generate cholesterol esters (CE) and lysoPC (lysolecithin) (1). Esterification of lipoprotein cholesterol results in the segregation of CE into the lipoprotein core, an essential step in peripheral HDL maturation. Mutations in the human LCAT gene underlie two distinct metabolic diseases, Familial LCAT Deficiency and Fish Eye Disease, both of which present with low HDL levels (2).
In plasma, LCAT is the sole enzyme capable of esterifying cholesterol in the circulation. LCAT is a 416 amino acid protein that circulates in plasma predominately bound to lipoproteins, where it catalyses the transfer of an unsaturated fatty acid from phosphatidylcholine, or lecithin, to the free b-hydroxyl residue of cholesterol to generate cholesterol esters (CE) and lysoPC (lysolecithin) (1) . Esterification of lipoprotein cholesterol results in the segregation of CE into the lipoprotein core, an essential step in peripheral HDL maturation. Mutations in the human LCAT gene underlie two distinct metabolic diseases, Familial LCAT Deficiency and Fish Eye Disease, both of which present with low HDL levels (2) .
The preferred plasma substrate for circulating LCAT is free cholesterol found on HDL, and apolipoprotein A-I (apoA-I), the primary protein constituent of HDL, is considered the major physiological activator of LCAT (3) . In vitro experiments show that other plasma apolipoproteins, including apolipoprotein E (apoE), apoC-I, and apoA-IV, are capable of activating LCAT, albeit less efficiently than apoA-I (3). Moreover, apoA-I, and to a lesser extent, apoE appear to be the predominant in vivo activators of LCAT, as a recent analysis of apoA-I-, apoE-, and double apoA-I/ apoE-deficient mice shows that the percentage of free cholesterol esterified in plasma drops to less than 2% of wildtype (WT) values after deletion of apoA-I and apoE (4) .
LCAT is synthesized mainly in liver, but is also abundant in brain and testes (5) (6) (7) (8) . Indeed, brain exhibits the second highest LCAT mRNA level after liver in rats and rhesus monkeys (6, 9) . Brain LCAT mRNA expression has been demonstrated in cortex, cerebellum, hippocampus, and brain stem. In situ hybridization assays show that LCAT mRNA is found in neurons and glial cells, as determined by nuclear morphology (9) , and LCAT activity can be detected in conditioned media of two-thirds of 25 neuronal and gliomal cell lines of human and rodent origin (10) . LCAT derived from these cell lines responds to the same inhibitor (DTNB) and activator (apoA-I) as plasma LCAT (10) . In humans, LCAT protein has been found in cerebrospinal fluid (CSF) at levels that also suggest local synthesis within the central nervous system (CNS) rather than import from the circulation (7) . For example, human CSF contains LCAT at levels corresponding to ?2.5% that of plasma LCAT (11) , roughly comparable to that of apoE, which is present in CSF at approximately 4% of plasma apoE. However, the relevance of LCAT function in brain cholesterol metabolism has not been addressed.
As apoB is not found within the CNS, brain lipoprotein metabolism is based entirely on HDL-like particles, which are initially generated as lipid-poor discoidal particles by both astrocytes and microglia (12) . CNS HDL particles differ from plasma HDL particles primarily in that apoE, rather than apoA-I, constitutes their main apolipoprotein component. In vitro, the discoidal, lipid-poor, apoE-and apoJ-containing lipoproteins secreted by astrocytes and microglia contain only 0% to 18% of their cholesterol as esters (13) (14) (15) (16) , whereas mature lipoprotein particles isolated from human CSF contain 64% of their cholesterol as esters. In addition, CSF HDL particles are spherical and associated with several other apolipoproteins, including apoA-I, A-IV, C-II, C-III, and apoD (17) (18) (19) (20) (21) , similar to the properties of mature plasma HDL. These observations suggest that brain LCAT may participate in the maturation of nascent glialderived lipoproteins into the particles found in CSF, much like LCAT functions in plasma HDL metabolism.
The most important CSF apolipoproteins to CNS lipid and lipoprotein metabolism are apoE and apoA-I, found at approximately 4% and 0.5% of their plasma concentrations, respectively (17, 18) . In situ hybridization studies have documented mRNA expression of apoE but not apoA-I within the CNS, although apoA-I is synthesized in cultured brain capillary endothelial cells and in porcine choroid plexus extracts (22) . These observations suggest that apoA-I is imported into the brain from the circulation or released into the brain from cerebrovascular endothelial cells. ApoA-I and apoE are the physiological activators of LCAT in mouse plasma as evaluated by ex vivo cholesterol esterification assays (4); however, little is known about their respective roles as LCAT activators on glia-derived lipoproteins. In addition to apoA-I and apoE, the cholesterol transporter ABCA1 plays a crucial role in plasma lipoprotein maturation, as deficiency of ABCA1 results in lipid-poor preb HDL particles that are ineffective LCAT substrates (23) . For instance, ABCA1-deficient plasma requires the presence of cells that express both ABCA1 and LCAT to rescue the in vitro formation of mature a-migrating lipoproteins (23) . Similarly, ABCA1-deficient mice do not form mature HDL even in the presence of excess, adenoviral-delivered recombinant human apoE4 and LCAT (24) , suggesting that ABCA1 activity is crucial to create LCAT substrates.
Taken together, these data suggest the hypothesis that LCAT plays a key role in the maturation of glial-derived, nascent lipoproteins in brain. Here we provide the first systematic analysis of the function of LCAT derived from primary glia and neurons on nascent glial lipoproteins. We identify astrocytes as the predominant LCAT-secreting cell type in the brain. We demonstrate that astrocytederived LCAT has cholesterol esterification activity and that glia-derived apoE-containing nascent lipoproteins are LCAT substrates. We also show that complete murine LCAT deficiency leads to changes in both nascent and mature lipoprotein particles in glia-conditioned medium and CSF, respectively. Our results suggest that brain-derived LCAT plays a significant role in the metabolism of nascent glial lipoproteins.
EXPERIMENTAL PROCEDURES

Animals
LCAT-deficient, ABCA1-deficient, apoE-deficient, and WT C57Bl/6 mice were maintained on a chow diet (PMI LabDiet 5010). All animal procedures were in accordance with the Canadian Council of Animal Care and the University of British Columbia Committee on Animal Care.
qRT-PCR
RNA was extracted using Trizol (Invitrogen, Burlington, Ontario, Canada) and treated with DNaseI. cDNA was generated using oligodT primers and Taqman Reverse transcription reagents (Applied Biosystems, Foster City). Quantitative real-time PCR primers were designed using PrimerExpress (Applied Biosystems, Foster City) to detect murine LCAT. Primer sequences and cycling conditions are provided upon request. Real-time quantitative PCR was done with Sybr green reagents (Applied Biosystems, Foster City) on an ABI 7000 (Applied Biosystems, Foster City). Each sample was assayed at least in duplicate, normalized to b-actin and analyzed with 7000 system SDS software v1.2 (Applied Biosystems, Foster City) using the relative standard curve method.
Cell culture and culture media conditioning
Primary glia: cultures were prepared as previously described (25) with the following modifications: the entire forebrain was used as tissue source for primary glia, and forebrain cell suspensions were plated in T150 flasks. After 10 days in vitro, cells were washed twice with 13 PBS (Invitrogen Canada, Burlington) to remove residual FBS components. Then, 20 ml of serum-free DMEM/F12 (Invitrogen Canada, Burlington) containing 2 mM L-glutamine (Invitrogen Canada, Burlington), and 100 units/ml of penicillin-streptomycin (Invitrogen Canada, Burlington) were added for a 72 h conditioning period. Conditioned media were then concentrated 100-fold using a 10 kDa molecular mass cut-off spin concentrator (Sartorius Mechatronics Canada, Mississauga, Ontario, Canada).
Primary neurons
Cells were isolated at embryonic day 16 (E16)-E18. Forebrain tissue was dissected, gently trypsinized, and triturated with fire polished Pasteur pipettes. Neurons were then seeded onto poly-Dlysine-coated (Sigma-Aldrich, Oakville, Ontario, Canada) plates at a density of one embryo per 6-well plate. Cultures were maintained in Neurobasal media (Invitrogen Canada, Burlington) with B27 supplement (Invitrogen Canada, Burlington), 0.5 mM glutamine (Invitrogen Canada, Burlington), and 100 units/ml of penicillin-streptomycin (Invitrogen Canada, Burlington), and 50% of the culture media was changed every 4-5 d. Media was collected over a period of 10-14 days and concentrated 100-fold with 10 kDa molecular mass cut-off spin concentrator (Sartorius Mechatronics Canada, Mississauga).
BHK and BHK-LCAT
Stably transfected baby hamster kidney (BHK) with the human LCAT cDNA BHK-LCAT cells were generously provided by Dr. John Hill (University of British Columbia, Canada). Two hundred fifty micrometers Methotrexate (Sigma-Aldrich, Oakville) was used as the selection agent for the BHK-LCAT cells (26) . Nontransfected control BHK and BHK-LCAT cells were cultured in DMEM (Invitrogen Canada, Burlington) with 10% FBS (Invitrogen Canada, Burlington), 2 mM L-glutamine (Invitrogen Canada, Burlington), and 100 units/ml of penicillin-streptomycin (Invitrogen Canada, Burlington). After reaching confluence, cells were washed twice with 13 PBS and incubated for 24 h in serum-free DMEM/ F12 without methotrexate to condition media, which was subsequently concentrated 60-fold as above.
Determination of LCAT activity and cholesterol esterification rates
Exogenous LCAT activity on glial-derived lipoproteins. This assay evaluates cholesterol esterification on glia-derived, [3H]cholesterollabeled lipoproteins by exogenous, recombinant human LCAT as previously described (27) with modifications. Briefly, concentrated glia-conditioned media (GCM) was equilibrated overnight with [3H]cholesterol (Perkin Elmer, Waltham, MA) at 4°C by adding at least 200 ml of concentrated GCM to a glass test tube containing [3H]cholesterol-labeled filter paper discs, cut to size from Whatman #1 filter paper (GE Healthcare). The labeled GCM was then incubated with excess recombinant LCAT in BHK conditioned media at ratios of 1:1 or 2:1 (GCM/BHK-LCAT), which corresponds to final LCAT concentrations of approximately 130 mg/ml and 87 mg/ml, respectively (26) . The rate of [3H]cholesterol esterification at 37°C was determined over a time period of 0 to 24 h. The reaction was terminated by adding 1.5 ml of chloroform/ methanol (2:1 v/v). After centrifugation at 3,750 rpm for 15 min, the cholesterol and cholesteryl ester in the supernatant were separated by TLC on Merck silica gel 60 glass plates (Sigma-Aldrich, Oakville) with the solvent system petroleum ether-diethyl etheracetic acid 70:12:1 (v/v). The radioactivity associated with cholesterol and cholesteryl ester was determined by liquid scintillation counting after TLC. The results are expressed as either fractional esterification rate [(CE 3100)/(TC 1 CE)] or molar esterification rate (MER) of cholesterol (% esterified cholesterol 3 nmoles of free cholesterol at the start of the reaction per ml of media per h).
Glial-and neuronal-derived LCAT activity on human apoA-I containing phosphatidylcholine vesicles. This LCAT activity assay was performed using radioactively labeled vesicles composed of egg yolk phosphatidylcho1ine (EYPC) (Sigma-Aldrich, Oakville), unesterified cholesterol (UC) (Sigma-Aldrich, Oakville), [3H]cholesterol (Perkin Elmer, Waltham, MA) (in a molar ratio of 4:1 5 EYPC/ UC) and human apoA-I (0.0167 mg/ml) purified from plasma as previously described (27) with minor changes. Incubations were carried out over a time period of 0 to 5 h, and the reaction was terminated by the addition of 1 ml of absolute ethanol. Unesterified cholesterol and cholesteryl ester were separated by TLC, counted, and quantified as above.
Cholesterol esterification assay during glial culture. To e v a l u a t e whether glial-derived LCAT esterifies cholesterol on glial-derived lipoproteins, confluent mixed glial cultures where rinsed twice with 13 PBS, and incubated for 18 h in serum free DMEM/F12 with 200 nCi/ml [3H]cholesterol. After incubation, conditioned media were concentrated 100-fold as above, and the reaction was terminated by the addition of 2 ml of chloroform:methanol (2:1 v/v). Cholesterol and CE were determined using TLC as above.
CSF collection and Western blotting
CSF collection. As previously described (28) .
Western Blotting. Fifteen microliters of conditioned media or 10 ml of CSF were electrophoresed through 6% nondenaturing or 10% SDS-polyacrylamide gels. After electrophoresis, proteins were electrophoretically transferred to polyvinylidene fluoride membrane (Millipore), and immunodetected using antibodies against apoE (Chemicon, 1:500), apoA-I (Biodesign, 1:250), or murine LCAT (1:1000) (29) . Blots were developed using enhanced chemiluminescence (Amersham Biosciences) according to the manufacturerʼs recommendations.
Total cellular protein was measured using a BioRad protein detection kit.
ApoE ELISA
Murine apoE levels in GCM were determined by ELISA as described previously (30) with minor modifications. Plates were coated with anti-apoE antibody (WUE-4) (a gift from Dr. David Holtzman, Washington University). Samples were diluted in 0.5% BSA and 0.025% Tween-20 in PBS. Standards were based on murine apoE purified from plasma (1.3 mg/ml, a gift from Dr. Mary Sorci-Thomas, Wake Forest University). After an overnight incubation at 4°C, plates were incubated with goat anti-apoE (EMD Biosciences, San Diego, CA) followed by biotinylated anti-goat antibody (Vector Laboratories, Burlingame, CA). Plates were developed with poly-horseradish peroxidase streptavidin (Pierce, Rockford, IL) and ultra-slow 3,3′,5,5′-tetramethylbenzidine (Sigma, St. Louis, MO), stopped with 1 N HCl, and read at 450 nm.
Determination of total CSF cholesterol
Total CSF cholesterol was measured by an isotope dilution method using 2H6-cholesterol as internal standard (Medical Isotopes Inc., Pelham, NH). After alkaline hydrolysis, the trimethylsilylated sterols were separated and determined by highly sensitive GC-MS-selected ion monitoring (31) .
Statistical analysis
Data is shown as mean 6 SEM and analyzed by two-tailed unpaired Studentʼs t-tests or one-way ANOVA followed by either Tukey (compares all pairs of groups) or Dunnett (compares all groups vs a control group) posttests. Analyses were performed using Graphpad Prism (version 5.0, San Diego).
RESULTS
LCAT is synthesized in primary murine astrocytes and neurons
Previous studies identified the brain as one of three organs that synthesize LCAT, together with liver and testes (6, 9, (32) (33) (34) (35) . In situ hybridization experiments showed that LCAT mRNA is present in neuronal and nonneuronal cell types in rhesus monkeys (9) . However, neither the identity of the nonneuronal cells that express LCAT nor the rel-ative contribution of neurons, astrocytes, and microglia to the possible brain pool of LCAT has been evaluated. To address these questions, we first confirmed the tissue distribution of endogenous murine Lcat mRNA using quantitative RT-PCR (qRT-PCR). In accordance with previous reports, brain and liver exhibited robust Lcat mRNA expression, whereas spleen, lung, kidney, and intestine were devoid of Lcat mRNA (Fig. 1A) . Brain LCAT mRNA was approximately 6% as abundant as liver LCAT mRNA (N 5 12, Fig. 1A) .
To identify the CNS cell types that may express LCAT in murine brain, endogenous Lcat mRNA levels were evaluated in primary neuronal, astrocytic, and microglial cultures by qRT-PCR. Neurons and astrocytes showed high levels of Lcat mRNA (Fig. 1B) . After correcting for differences in total cell number using actin mRNA abundance, neurons were found to express almost three times as much Lcat mRNA as astrocytes (N > 7, P , 0.0001, Fig. 1B ). The very low levels of Lcat mRNA seen in microglial cultures may correspond to residual contamination (less than 1%) with astrocytes, given the sensitivity of the qRT-PCR methodology and absence of Lcat mRNA signal in macrophage-rich organs, such as lung, spleen and intestine (6, 9, 32) . These data suggest that astrocytes and neurons are the major sites of LCAT synthesis in brain.
Western blots of murine LCAT in astrocyte, microglial and neuronal conditioned media (NCM) (N 5 2 samples per cell type) show that astrocyte-conditioned media (ACM) contains two proteins of 63 and 67 kDa that are not present in LCAT-deficient GCM (Fig. 1C) and that correspond to the expected molecular weight of glycosylated LCAT observed in human plasma. These bands were absent in conditioned media obtained from neurons and microglia. These data suggest that despite high Lcat mRNA levels in neurons, of the three brain-derived cell types, astrocytes are the primary producers of LCAT protein.
Astrocyte-derived LCAT esterifies cholesterol
To determine whether LCAT secreted by astrocytes is enzymatically active, we performed exogenous esterification assays with conditioned media from primary astrocytes, neurons, and microglia as sources of brain-derived LCAT, and exogenous apoA-I-containing EYPC vesicles as substrates. When corrected for cellular protein, ACM exhibited the highest MER with 0.1354 nmoles of cholesterol esterified per h per ml of concentrated media normalized to mg of total cellular protein ( Fig. 2A) . Unlike microglia, where no cholesterol esterification could be detected, NCM did exhibit esterification activity, albeit at less than 5% of the levels detected in ACM (N 5 5, P , 0.0001, Fig. 2A ). This level of activity is consistent with the absence of detectable LCAT protein in NCM and may be due to the presence of low levels of astrocytes in neuronal cultures.
To evaluate whether NCM could have an inhibitory effect on LCAT function and explain the discrepancy between low NCM LCAT activity and the high neuronal Lcat mRNA, a known amount of recombinant human LCAT was added to ACM and NCM, and cholesterol esterification was evaluated over a 5 h period. Compared with ACM, NCM was found to inhibit the activity of recombinant LCAT by up to Fig. 1 . Endogenous murine Lcat mRNA is found in brain and in primary astrocytes and neurons. A: Total Lcat mRNA levels in various tissues were determined by quantitative RT-PCR (qRT-PCR) and normalized to actin mRNA. Graph summarizes the results of four independent experiments with a total of N 5 12 samples for brain and liver, and N 5 4 for spleen, lung, kidney and intestine, all measured in duplicate. Lcat mRNA expression levels are expressed as fold difference over brain. B: Total mRNA of primary neurons, astrocytes, and microglia was purified using Trizol and tested for the presence and levels of murine Lcat mRNA by qRT-PCR. Individual samples were normalized to actin mRNA to correct for cell number variability. Graph summarizes the results of two independent experiments with a total of N 5 10 individual cultures for neurons, N 5 7 for astrocytes, and N 5 8 for microglia, all measured in duplicate. Lcat mRNA expression levels are expressed as fold difference over astrocytes. Error bars represent SEM. One-way ANOVA with a Tukey posttest was used for statistical analysis. *** P , 0.0001. C: Fifteen microliters of 100-fold concentrated conditioned media of LCAT-deficient glia (LCAT 2/2 , negative control) (N 5 1), wild-type (WT) astrocytes (N 5 2), and microglia (N 5 2), and 1.5 microliters of neuronalconditioned media (N 5 2) were evaluated for LCAT protein levels by Western blot. The arrow demarcates LCAT protein, and the 55 kDa species detected in several lanes is a nonspecific cross-reactive band. 30% (data not shown). However, even when corrected for this inhibitory effect, LCAT activity in NCM does not match the levels of Lcat mRNA. This observation suggests that cultured neurons may have mechanisms that suppress translation or secretion of LCAT protein. We believe that the suppression of LCAT activity in NCM is nonspecific and due mainly to the viscosity of concentrated NCM compared with ACM.
Because astrocytes appear to be the main source of active LCAT in vitro, cholesterol esterification activity was compared in 72 h-conditioned WT and LCAT-deficient ACM using EYPC/UC vesicles. In WT ACM, cholesterol esterification was linear up to 5 h of incubation and occurs at a catalytic rate of 78.05 6 9 pmoles per h per ml of concentrated media (Fig. 2B) . As expected, ACM obtained from LCAT-deficient glia did not esterify cholesterol above background levels (Fig. 2B) . These data show that astrocyte-secreted LCAT is capable of catalyzing cholesterol esterification and that no other astrocyte-derived protein has this functional activity.
ApoE is required for LCAT activation in GCM
ApoA-I has been shown to be the primary activator of plasma LCAT (36) . ApoE can also activate LCAT, albeit less efficiently than apoA-I. Astrocytes and microglia are the major sources of CNS apoE, and also secrete other apolipoproteins that have been reported to act as LCAT activators in vitro, such as apoD (37) and apoC-I (38). Because no apoA-I is synthesized in brain parenchyma, it is of interest to evaluate whether glial apoE can act as the sole activator of LCAT in the CNS or if other glial apolipoproteins are also relevant. We therefore determined whether the absence of apoE in GCM affects LCAT activity by performing exogenous esterification assays using WT and apoE-deficient GCM in the presence or absence of exogenous apoA-I.
In this set of experiments, WT and apoE-deficient GCM samples were divided into two aliquots. One aliquot was incubated only with EYPC/UC vesicles (no apoA-I group) to reveal the esterification potential of endogenous lipid poor apolipoproteins present in WT and apoE-deficient GCM. The other aliquot was incubated in the presence of EYPC/UC vesicles premixed with apoA-I (1 apoA-I group) to reveal the maximum esterfication potential in the presence of the most effective LCAT activator known.
ApoE-deficient GCM samples exhibited a 90% reduction in cholesterol esterification when compared with WT GCM (9.3 6 5.5 and 87.7 6 28 pmoles per h per ml, respectively, P , 0.001, N 5 3) (Fig. 3A) . Supplementation of apoEdeficient GCM with 5 mg of apoA-I completely restored cholesterol esterification to WT levels (94.71 6 23 pmoles per h per ml, N 5 6) (Fig. 3A) , suggesting that exogenous apoA-I is sufficient to activate LCAT in the absence of apoE. Notably, this finding also suggests that secretion of LCAT by apoE-deficient cells is equal to that of WT cells, as cholesterol esterification rates were equivalent in WT and apoEdeficient samples supplemented with exogenous apoA-I.
Importantly, the rate of cholesterol esterification in WT GCM samples (87.7 6 28 pmoles per h per ml, N 5 4) (Fig. 3A) was not increased further by the addition of apoA-I (92.7 6 40 pmoles per h per ml, N 5 8), suggesting that, in the absence of apoA-I, the apoE present in concentrated GCM is fully capable of maximally activating LCAT in the presence of exogenous EYPC/UC vesicles as optimized substrates.
As expected, cholesterol esterification was nearly absent when conditioned media from LCAT-deficient glia was used even when supplemented by apoA-I (Fig. 3A) , demonstrating that cholesterol esterification in this assay is LCAT-dependent.
To evaluate how much apoA-I is required to obtain the same amount of LCAT activation as with endogenous levels of apoE, an apoA-I titration experiment was performed. Approximately 1.25 mg of human apoA-I was required to obtain the same activation of LCAT seen with 30 mg of endogenous apoE found in GCM (Fig. 3B) . Further experiments showed that the minimal amount of apoE required to obtain WT activation levels of LCAT is 5 mg (data not shown). This suggests that unpurified GCM apoE has 25% of the LCAT activation potential of purified human apoA-I from plasma. This is roughly consistent with the reported 15-19% activation potential of purified human plasma apoE when compared with purified human plasma apoA-I in in vitro cholesterol esterification assays using EYPC vesicles and proteoliposomes (39, 40) .
ApoE and ABCA1 are required for the generation of LCAT substrate particles by glia
The results above demonstrate that astrocyte-derived LCAT is active on exogenous EYPC/UC vesicles complexed with either endogenous murine apoE or exogenous human apoA-I. To determine whether glia-derived nascent lipoproteins are suitable LCAT substrates, WT GCM lipoproteins were equilibrated with [3H]cholesterol and incubated with recombinant human LCAT obtained from stably transfected BHK-LCAT as described in Experimental Procedures. Up to ?20% of the labeled unesterified cholesterol on glial-derived lipoproteins had been esterified by exogenous LCAT in a time-dependent manner after 5 h of incubation (Fig. 4A) . As expected, no cholesterol esterification was seen with conditioned media from nontransfected BHK cells (Fig. 4A) . Importantly, no esterification was seen when conditioned media from stably transfected BHK-LCAT media was labeled with [3H]cholesterol in the absence of GCM, thus ensuring that esterification occurred on glia-derived particles and not on nonspecific substrates. Together, these data show that LCAT-dependent cholesterol esterification occurs on glia-derived lipoproteins.
Our results above demonstrate that apoE is the main LCAT activator secreted by glia (Fig. 3A) . We and others have shown that the cholesterol transporter ABCA1 as a ) mixed glial cultures. The first two bars on the graph represent the level of esterification seen in conditioned media supplemented only with [3] Hcholesterol-labeled EYPC/UC vesicles, whereas the last three bars correspond to the effects seen when [3] Hcholesterol-labeled EYPC/UC vesicles were complexed with 5 mg of human apolipoprotein A-I (apoA-I) purified from plasma and then added to the conditioned media. Graph represents at least four independent experiments with an N > 4 independent cultures for each group. B: Cholesterol esterification was evaluated in conditioned media from WT and apoE-deficient (apoE 2/2 ) mixed glial cultures after addition of [3] Hcholesterollabeled EYPC/UC vesicles and increasing amounts of purified human apoA-I (added only to apoE-deficient samples). Graph represents the MER of two independent experiments. One-way ANOVA with a Dunnett posttest was used for statistical analysis. ** P , 0.05 compared with first WT group (A) and WT (B). key regulator of apoE lipidation in the CNS (25, 30) . Intriguingly, ABCA1 is required to generate functional LCAT substrates in plasma, as lipid-poor apolipoproteins found in ABCA1-deficient animals are weak activators of LCAT (23) . To determine the importance of apoE and ABCA1 activity for LCAT function on GCM-derived lipoproteins, GCM from WT, apoE-, and ABCA1-deficient glia were incubated with recombinant human LCAT. The generation of CE on GCM lipoproteins derived from apoE-and ABCA1-deficient glia was reduced by more than 95% compared with WT GCM (P , 0.0001, N 5 4) (Fig. 4B) , indicating that both ABCA1 and apoE are required for the generation of functional LCAT lipoprotein substrates in the CNS.
Finally, we performed in situ cholesterol esterification assays to determine whether astrocyte-derived LCAT could esterify cholesterol on endogenous glial nascent lipoproteins. In these experiments, unesterified [H3]cholesterol was added directly to serum-free medium during conditioning, in order to efficiently incorporate the radioactive label into nascent lipoprotein particles. Although no increase in CE was detected after concentration of the conditioned media and subsequent incubation at 37°C (data not shown), we noted that approximately 2.8% of the radiolabeled cholesterol had been esterified after an 18 h conditioning period (Fig. 4C) , possibly representing endogenous esterification in GCM. To confirm this hypothesis, WT, LCAT-, and apoE-deficient glial cultures were conditioned for 18 h in serum-free media labeled directly with [H3]unesterified cholesterol. Under these conditions, CE were detected only in WT GCM. The absence of detectable CE in the absence of endogenous enzyme (LCAT 2/2 GCM) or endogenous substrates (apoE 2/2 GCM) suggests that WT GCM is capable of supporting cholesterol esterification on endogenous apoE-containing nascent lipoprotein substrate particles. However, the low endogenous levels of enzyme and substrate even in concentrated GCM may preclude rate measurements under our conditions.
LCAT deficiency results in altered GCM and CSF lipid composition
To evaluate the effects of LCAT deficiency on the size distribution of lipoprotein particles in GCM, concentrated WT and LCAT 2/2 GCM were subjected to nondenaturing Western blotting and probed for murine apoE. Compared with the pattern of nascent particle size in WT samples, LCAT 2/2 media displayed a reduced level of large 17.0 nm particles, and contained a small ?8.0 nm particle not present in WT samples (Fig. 5A) . These observations suggest that these small particles may correspond to LCAT substrates, whereas the bigger ones may represent the products of the LCAT reaction. To test this hypothesis, we incubated LCAT 2/2 samples with recombinant human BHK-LCAT or vehicle alone, followed by native gel electrophoresis. Supplementation with exogenous LCAT completely eliminated the appearance of the small 8 nm particles, supporting our hypothesis that these small particles are the preferred LCAT substrates.
WT and LCAT 2/2 CSF samples were then evaluated for apoE and apoA-I particle distribution as well as cholesterol and CE levels. Compared with WT CSF, apoE levels were dramatically increased in LCAT 2/2 CSF (Fig. 5B) . Furthermore, apoA-I particles were not detected in LCAT-deficient CSF compared with WT samples (Fig. 5B) . Although the significance of these findings in CNS lipoprotein metabolism is unclear, reduced apoA-I plasma levels is a consistent finding in patients and animals with complete LCAT deficiency (2, 3, 41, 42) .
We attempted to determine cholesterol and CE levels in WT and LCAT-deficient murine CSF using mass spectrome- (2) lanes represent WT and LCAT-deficient media with no treatment. Incubation of LCAT 2/2 media with exogenous LCAT (BHK-LCAT media) at 37C for 1 h results in the disappearance of an 8 nm particle observed in LCAT 2/2 media. This effect is not seen when LCAT 2/2 media is incubated with vehicle alone (control BHK media), suggesting that this particle may represent the preferred LCAT substrate. B: Distribution of apoE and apoA-Icontaining particles in the CSF of WT and LCAT 2/2 animals was evaluated by native gel electrophoresis. Blots are representative of two independent experiments and at least four animals per genotype. C: Total cholesterol levels were evaluated in CSF from WT, LCAT 2/2 , and ABCA1 2/2 mice by mass spectrometry. Data represent two independent experiments with N > 6 animals per group. * P , 0.05 with respect to WT, as determined by one-way ANOVA with a Dunnett posttest analysis.
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by guest, on October 13, 2017 www.jlr.org try. Measurements of total cholesterol were reliable and showed that LCAT deficiency did not alter total cholesterol levels in CSF (Fig. 5C) . However, we found that CE measurements were below the detection limit of this assay even using pooled CSF samples from N > 8 mice, suggesting that direct demonstration of the effect of LCAT deficiency on CSF CE levels will require an assay on a scale that is not possible in mice at this time. We also confirm the expected decrease in CSF cholesterol levels in ABCA1 2/2 mice (Fig. 5C ). Of note, in our hands, WT C57Bl/6 mice have an average plasma cholesterol level of approximately 110 mg/dl (43) , indicating that the average murine CSF cholesterol concentration (0.23 mg/dl, Fig. 5C ) corresponds to not more than 0.2% of that of plasma.
DISCUSSION
In this manuscript, we describe the first in-depth exploration of the expression and function of LCAT in primary cultures of brain-derived cell types. With respect to LCAT production by these cells, our major findings are that astrocytes are the primary source of active LCAT and that astrocyte-derived LCAT is the only enzyme capable of esterifying cholesterol on exogenous or endogenous lipoprotein particles, similar to LCATʼs unique enzymatic activity in plasma.
With respect to substrates, we observed that glial ABCA1 and apoE are each required to generate nascent lipoprotein particles that serve as LCAT substrates, again similar to the requirement of peripheral ABCA1 and apoA-I for the LCAT reaction on plasma HDL. Furthermore, the almost complete abolishment of cholesterol esterification in experiments with apoE
2/2 GCM demonstrate that other apolipoproteins secreted by glia, such as apoJ, do not play a significant role in GCM LCAT-dependent cholesteryl esterification under our in vitro conditions. Which CSF lipoproteins can act as LCAT activators in WT, apoE-deficient, and ABCA1-deficient mice are important questions to address in the future. The low CSF cholesterol concentration (0.2% that of plasma) together with the very low yield of CSF per mouse (8 ml on average) and the suboptimal lipoprotein labeling techniques preclude these analyses in mice at this time.
The regulation of brain LCAT expression and activity now becomes an important question. For example, it is intriguing that neurons express high levels of Lcat mRNA in mice and rhesus monkeys (9) . However, LCAT activity in NCM is low, and LCAT protein levels in NCM are below the detection limit of Western blots. These observations suggest that neurons may contain posttranscriptional regulatory mechanisms that suppress translation or secretion of LCAT, at least under the in vitro conditions used here. Additional experiments will be required to test this hypothesis and furthermore to determine whether neurons have the capability to derepress LCAT translation or secretion under physiologic conditions and conditions of acute or chronic stress.
Patients with LCAT deficiency do not exhibit overt neurological dysfunction (2) . However, to our knowledge, such patients have not been assessed by detailed neurological examinations, nor are there any indications of whether such patients may be more or less resistant to neuronal injury. The brain RCT system is upregulated after neuronal injury in order to capture lipids that are released by degenerating axons and supply lipids to neurons during regeneration and restoration of synaptic connections (44) . It is therefore interesting to speculate on how LCATʼs function in brain HDL maturation may influence recovery from neuronal injury. On one hand, the inability to produce mature CEcontaining HDL particles may compromise brain RCT and increase the severity of injury. On the other hand, we observed that the levels of apoE-containing lipoproteins in CSF are dramatically increased in LCAT 2/2 mice, suggesting the possibility that LCAT deficiency may lead to compensatory actions that prime the brain for increased protection from neuronal injury. Additional experiments in animal models, and careful evaluation of patient case histories, will be required to shed light on this question.
